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ABSTRACT 
 
Engineering uses natural resources to fulfill the fundamental needs of society. For the building of a bridge, steel, 
stone, and other raw construction materials are used. The results are bridges that cross rivers, valleys, and the 
like. Besides bridges, our built world consists of buildings, highways, and all manufactured goods needed in 
daily life. Ideally, improvements in engineering should improve our economy; a better economy improves our 
living standards, which, in turn, should provide the capability to improve the environment we live in, thus 
making it possible to achieve sustainability. But a better economy can also spur consumption and deplete the 
world’s resources even faster. Currently, it appears that the latter is more likely to happen. The Brundtland 
Commission defined “sustainable development” as such: “Sustainable development is development that meets 
the needs of the present without compromising the ability of future generations to meet their own needs.” 
(United Nations General Assembly 1987) But how do we know what and how much future generations need to 
live? As bridge engineers, how can we help making this possible? 
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INTRODUCTION  
 
The formation of the planet occurred billions of years ago, well before the onset of human civilization, which 
began tens of thousands of years ago. The evolution of any organism can be described as a biological process 
taking place over many generations. However, with the appearance of humans, the natural state and resources of 
our planet have been impacted dramatically in a very short time. 
 
No matter how we define the length of human civilization on this planet, be it 5,000 years old, 10,000 years old 
or 100,000 years old, it is still a very short period of time compared to the age of the planet itself, which is 
believed to have developed over several billions of years. Nevertheless, the impact that human beings have had 
on Earth is unmistakable. Many habitats have been destroyed as a result of population growth and our insatiable 
demand for natural resources. Human consumption of those resources have forever altered natural landscapes, 
destroyed countless ecosystems and, along with it, brought the mass extinction of many animal and plant species, 
leading to the inevitable loss of Earth’s biodiversity. Ultimately, this process affects our own very survival.  
 
SUSTAINABILITY 
 
Sustainability can be defined as “the ability to continue.” The total resources of the planet is finite. In order to be 
able to continue, we must produce at least as much as we consume, and create at least as much as we destroy. As 
a simple example, if we cut more trees than we plant, sooner or later we will run out of wood.  
 
Engineering is the application of some knowledge for the purposes of designing and building a structure for 
modern comfort. Engineers change many aspects of the way we live. The results of their work can also impact 
our natural environment. Indeed, engineers have changed and continue to change the world dramatically. While 
we would like to think that we only improve our surroundings through engineering, we can also destroy the 
environment at the same time. Sustainable engineering can be described as a process in which the output or 
work product is offset by some means to compensate for the consumption of natural resources. From an 
economic standpoint, if the relative value of a thing is equal to or more than the relative cost it took to make, 
then that product can be viewed as having been engineered sustainably.  
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BRIDGE ENGINEERING 
 
Sustainability is a global issue that affects our present-day society as well as future generations. Can the planet 
continue to support all of the human beings living on it? How can we, as engineers, and to a larger extent, as 
responsible citizens, understand our role in the sustainable development of our built environment? 
 
One may consider a bridge to be one small element in a highway system. Bridge engineering is a niche in the 
field of civil engineering; civil engineering is one discipline in the group of engineering disciplines. Engineering 
is merely one example of human activity impacting our natural environment. Bridge engineering may appear to 
be rather trivial as it relates to sustainable design. But the following considerations may be quite interesting! 
 
ENGINEERING 
 
Engineering uses natural resources to fulfill the most fundamental needs of society. For the building of a bridge, 
steel, stone, and other raw construction materials are used. The results are bridges that cross rivers, valleys, and 
the like. Besides bridges, our built world consists of buildings, highways, and all manufactured goods needed in 
daily life. Ideally, improvements in engineering should improve our economy; a better economy improves our 
living standards, which, in turn, should have the capability to improve the environment we live in, thus making 
it possible to achieve sustainable engineering. At the same time, a better economy can also spur consumption 
and deplete the world’s resources. Currently, it appears that the latter is more likely to happen. A wealthy 
country like the United States, per capita consumption, is much higher than less developed countries. 
 
DEFINITION OF SUSTAINABLE DEVELOPMENT 
 
Sustainable development was defined in the 1987 Brundtland Commission Report of the United Nations as such: 
“Sustainable development is development that meets the needs of the present without compromising the ability 
of future generations to meet their own needs.” (United Nations General Assembly 1987) 
 
This statement is very simple and concise but full of unknowns and spurs obvious discussion. How much do we 
know about the needs of future generations? Given our history, it is clear that people of past generations, say, in 
1915, could never have dreamed of how we live today. Back then, there were no freeways, commercial airlines, 
high speed rails, cell phones, computers, and so on. It may be equally impossible for us, in 2015, to predict how 
people in 2115 will live, even though a hundred years is a very short period of time in human history. The world 
is changing at an incredible pace, and we can barely keep up or even imagine what future generations may need 
to improve their quality of life! 
 
From a resource point of view, we can quantify a supply and demand equation where the balance (B) is the 
difference between demand (D) and supply (S): 
 
                                                                   B = S – D      (1) 
 
If supply is more than demand, B is positive and the needs of future generations can be satisfied. If supply is less 
than demand, then B is negative and their needs cannot be satisfied. This seemingly simple equation is very 
difficult to solve because both S and D are unknowns. 
 
To take a very simple micro approach to this problem, we can ask how many bridges we should maintain over 
the East River in New York City: Or, how many bridges are required (which is the demand, D) and how many 
bridges can we build and maintain (which is the supply, S). Judging from the average daily traffic, it appears 
that the number of existing bridges is far from sufficient. But how many are sufficient? The same question can 
be asked of the Han River in Seoul. There are more than 20 bridges over the Han River in Seoul already, but 
traffic jams still persist. If we cannot determine what we need today, it may certainly be difficult to project how 
many bridges would suffice 100 years from now, let alone in the distant future. On the other hand, people may 
not need as many bridges in 100 years because people may not have to drive, working remotely instead. Goods 
may be delivered via pipelines or some other delivery system than highways. Furthermore, bridge maintenance 
technology may advance to a point where new bridges are not necessary. Therefore, the demand D for future 
bridges may be negligible, reducing impacts to the environment. In this case, sustainable development goes 
hand in hand with the technology to design, build, and maintain high-quality bridges.  
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As we can see, sustainability in bridge engineering for a city depends on the size of the population, our standard 
of living in the future, as well as the quality and maintainability of existing bridges. As engineers, we are not in 
a position to influence population control. Nor can we predict how people may live in the future. But we can 
address issues of quality and maintainability of all existing bridges and work toward developing sustainable 
solutions for new bridges to be built in the future. 
 
GREEN 
 
The word “green” has been introduced to describe anything that makes the world more sustainable. There are 
green cities, green transportation, and so on. Similarly, we may also have “green bridges.” The term, “greening” 
represents reducing consumption and encouraging the replacement of conventional fuels with renewable energy. 
Even though greening may help us to be more environmentally responsible, it cannot solve the fundamental 
problem of sustainability. As long as the Balance B in Eq. 1 is negative, we cannot achieve sustainability.  
 
For example, 1,500 years ago, in the fifth century, we would not have had to worry about wood supplies because 
trees were plentiful. The world’s population was only about 300 million. Today, a world population of only 300 
million would allow the use of wood for construction, furniture, energy, paper making and many other 
applications. The world would remain “green,” because we would be able to plant a sufficient number of tress to 
replace the wood we use! We would have minimum air pollution and CO2 emissions. If this were the case, 
refurnishing wood supplies with new trees would be more than enough to offset our consumption. So, the 
balance B in Eq. 1 would always be positive. In this scenario, wood is a sustainable product. However, this is 
certainly not the case today as we have over seven billion people in the world and growing; this is 23 times the 
population of the fifth century. If the required consumption per capita remains the same, we now need 23 times 
more supply to satisfy Eq.1. Nature will never be able to restore the trees we need to supply such a world 
population.  
 
Another example can be found in our water supply. Water is a commodity that is an increasingly important 
concern for society. As our living standards improve, we consume more water. As populations increase, more 
water is consumed. Together, these two conditions drive up water demand exponentially. And, this is happening 
today! Green design promotes the recycling of water which means to use the same water more than once before 
discharging it into the soil, river or lakes. Conservation efforts such as these help but don’t solve problems of 
sustainability. 
 
In sum, green practices are good for sustainability, but they are not the final solution. 
 
SUSTAINABLE DEVELOPMENT 
 
“Sustainable development is development that meets the needs of the present without compromising the ability 
of future generations to meet their own needs.” (United Nations General Assembly 1987) 
 
If we are to ascertain that future generations must have sufficient resources to satisfy their needs, we must define 
what “sufficient” means. Sufficient has a quantitative meaning and a qualitative meaning. If we take a very 
simplified approach and assume that, at some point in the future, there will be n people in the world and each of 
them, on average, needs a quantity of q to live, the total demand, D, of the entire population will be  
 
                                                                  D = n x q      (2) 
 
Equation 2 would be very simple to solve if we knew the value of n and q. But both n and q are variables, the 
prediction of which is not only difficult, but basically impossible. 
 
Let us start with the number n, which represents the world’s population. Figure 1 shows the global population in 
the last 12,000 years, while Figure 2 shows the world’s population in the last 2,000 years (US Census Bureau 
2015). The size of our world’s population is important because when the population increases, the consumption 
of resources will proportionally increase, as denoted in Eq. 2. Figure 2 shows clearly that the world’s population 
increased exponentially around year 1800. At that time, the total world population was about 750 million, while 
by the end of 2014, the world population had increased to over seven billion, which is a 900% increase within 
about 200 years. But when we look at the average rate of increase per year that corresponds to such an 
expansion, it is a very modest value of 1.11% per year, a figure most politicians and sociologists would believe 
to be acceptable. By extrapolation, with a 1.11% increase per year, the world population will expand to 1,800 
billion by year 2515 from today’s 7.14 billion. This is only 500 years from now and it would be a 25,000% 
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increase. If we are talking about the sustainability of our planet, 500 years is not a long time. Can this planet 
support a population of 1,800 billion in any way that we can imagine? For bridge engineers, 1,800 billion people 
would need a huge infrastructure system, which certainly includes a large number of bridges! 
 
Currently, there are about 630,000 bridges in the United States for a population of 320 million, and about 
750,000 bridges in China for a population of about 1.4 billion. China is still building a large number of new 
bridges. How many bridges will be necessary for a population of 1,800 billion? Let us use the US numbers as an 
example because the US is a more developed country. By extrapolation, for a population of 1,800 billion, there 
should be about 3.50 billion bridges in the world. The total deck area of 3.50 billion bridges would probably be 
covering all the rivers in the world. 
 
In 2014, the United Nations reported that the world population is increasing at a rate of 1.20% per year; with 
United States at 0.74%, China at 0.49%, and India at 1.46%. If this trend continues, with a 1.20% rate increase, 
the world population would be 2,780 billion in 2515, 500 years from now. No matter how people live in the 
future, this planet will not be able to support a population of 2,780 billion. Something has to happen! But, if n is 
not 2,780 billion in the future, what should it be? Again, 500 years is a relatively short period of time in the 
history of the planet. 
 
Fortunately, as our living standards increase, the world’s population is in decline. In some countries, it has even 
dipped into the negative. Most forecasts predict that the world’s population will top out at about 10 to 11 billion 
by 2050. But human behavior is hard to predict. Political and social forces can have a huge influence too.  
 
RESOURCES 
Figure 1 World population from 10,000 BC 
Figure 2 World population from 0 AD 
21
 
Now let us look at the second number, q, which represents the average amount of resources each person needs to 
pursue a reasonably happy life. Certainly, happiness is important because life might lose its meaning if it is an 
unhappy one. What will we need to be happy in the future? 
 
Back in the 1950s when I was young, life was much simpler. We had no money to learn piano, play tennis, golf, 
ice skate, or do any other sport that required equipment. Today’s youth can do many of these things whenever 
they want. But are they happier than the youths of my time? I’m not so sure.  
 
Cell phones, personal computers, and many gadgets have appeared only in the last 20 years or so. At the time 
when the United Nations formulated the above definition of “sustainability” in 1987, most of these things were 
not popular nor were they available. If we had worked on Eq. 2 in 1987, we would have assumed these things to 
be non-essential. But today, can you imagine a world without cell phones? This means that “q” varies with time; 
hence, we will not be able to predict “q” for the future! 
 
To simplify the process, let’s use today’s population as a start. To provide for today’s population with an 
average quantity of life, q, we must quantify the resources we will need to satisfy our needs.  
 
We can divide the world’s resources into two categories: renewable resources and depletable resources. Wind 
energy, solar energy, water (rain) and hydro power, plants, and vegetation are examples of renewable resources 
because those commodities can be made available assuming we employ the right strategies to sustain these 
resources. However, renewable resources are still limited for any given period of time. Thus, abiding by 
sustainable principles means we cannot use more than what is available to us. On the other hand, crude oil, coal, 
minerals, and other kinds of fossil fuels are all examples of depletable or nonrenewable resources. This means 
that once they are gone, they are gone forever. For example, oil is in limited supply and cannot be replaced after 
we have used it. One day when we use up all of the oil, there will be none left. Then, what will happen? 
Developing alternatives to replace the use of this nonrenewable energy resource would mean investing in 
research, development, and deployment of clean energy before our natural reserves of oil run out. We have to 
attack this problem from two sides: reduce consumption so the known reserve we have will last long enough to 
find a suitable replacement and discover an alternative that can replace oil before it runs out. 
 
The development of green technologies is the step we take to reduce consumption of natural resources and to 
protect the environment. In green bridge engineering, durability appears to be the most important topic. We can 
use low carbon products and materials that will release little to no carbon emissions during construction and 
throughout the life of the structure. We can actively select construction procedures that create less waste and 
leave less of a carbon footprint. But in my opinion, the most important is designing for durability. That is, if a 
bridge can last 300 years instead of the average life of less than 100 years today, this is equivalent to a reduction 
in consumption of natural resources and in carbon emissions of at least 66%. In other words, the materials used 
in construction can last up to three times as long, mitigating the need to source more materials. In this respect, 
today’s standard design life of 75 to100 years for a bridge is probably too short. With today’s technology, we 
should be able to design bridges that last much more than 100 years! 
 
THE IPAT FORMULA 
 
Social, economic and environment have been defined as the three pillars of sustainability. The relationships of 
these three pillars can be expressed by means of a Venn diagram as shown in Figure 3. (Adams 2006) 
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Figure 3 The three pillars of sustainability 
 
Sustainability is achieved where the three circles overlap, which means that all three elements have been 
satisfied. In the past and even today in many developing countries, people tend to emphasize economic growth 
and neglect its impact on the environment. In many developed countries, people tend to emphasize the social ills 
of a society. All three pillars must be addressed before we can have a balanced world that can satisfy the needs 
of both present and future generations.  
 
In the end, we must preserve the environment. We have only one world. Technological advancements have not 
only changed the way we live, but they have also had drastic effects on the environment. While engineering has 
and continues to consume natural resources, it has also increased our standard of living. Good engineering has 
improved transportation, changing the way that we move. As mentioned above, an optimistic way of thinking 
would be to expect that engineered commodities will improve our economy; a better economy will improve our 
society, and, in turn, that should offer ways to improve our environment, making it possible to achieve 
sustainability. However, as noted earlier, a better economy can also spur consumption and destroy the 
environment. This idea is expressed in the IPAT formula (Ehrlich, P.R. and Holden, 1971, Ehrlich, P.R. and 
Holden, 1974, and Adams, W.M. 2006) as 
 
                                                                 I = P x A x T                                                  (3) 
 
Where, I is the impact on environment, P is the world population, A is affluence of our society, which is meant 
to represent the level of consumption, and T is technology, which denotes the impact per unit of resource used, a 
quantity the advancement of technology can change.  
 
We may compare this formula to Eq. 2 above. The product A x T is similar to the quantity q in Eq. 2. 
Technology affects the affluence of society. Both technology and affluence affect the impact on the environment. 
While the total sum of demand, D, is what we have to take from the environment, the impact, I, can be 
interpreted as the effect of human activity on the environment. They have very similar meaning! 
 
 
LIFE CYCLE COST 
 
A life cycle cost is usually defined as “the sum of the initial cost, construction costs, maintenance cost, 
rehabilitation cost or replacement cost, and demolition cost.” We can also divide the total life cycle cost by the 
number of years of service life to obtain the unit life cycle cost per year. This reflects more accurately the actual 
cost of the project. The costs included in the above definition are all monetary costs. They vary from place to 
place and from time to time. 
 
Missing in the discussion are two major, non-monetary items: social costs and environmental costs. These two 
costs could be huge as compared to other costs in the equation. Thus, a project with the least life cycle costs as 
defined above could actually be more expensive than a project that has less of an impact on society and the 
environment. 
 
SUMMARY 
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The task of engineering is to modify our natural environment, to improve human living conditions. As a result, 
engineers consume natural resources, while creating commodities such as bridges, highways, buildings, and 
other useful facilities. Better infrastructure improves functionality and facilitates a good economy. A better 
economy should offer ways to improve our environment, thus achieving sustainability. However, a better 
economy can also spur consumption and negatively impact sustainable development. The future is an unknown. 
We do not know what we will need to satisfy future generations because we do not know how they will live. For 
example, a bridge engineer would want to know how many bridges would be needed by future generations. 
Unfortunately, nobody knows! Because we do not know, conservation seems to be the best approach. 
 
Currently, we are building bridges with steel and concrete. The effects on the environment in producing these 
structures with these materials, such as carbon emissions is great. But the potential to improve is rather limited. 
It appears that the best way to reduce impacts to the environment is to extend the service life of bridges. A 
bridge that lasts 300 years instead of 100 years is equivalent to a reduction in environmental impacts by 66%. 
 
But, real sustainability is only possible if we can also control the size of the population. Currently, population 
growth in many if not most developed countries is very slow or even decreasing. By contrast, populations in 
developing countries are increasing at an alarming rate, with China being the only exception. Statistically, if the 
world’s population increased at a rate equal to the same rate as in the last 200 years, 1.11% per year, we would 
have 1,800 billion people in the world in 2515, 500 years from now. Fortunately, most researchers believe that 
the total world population will top out between 10 and 11 billion by 2050 as poorer countries become 
industrialized and have fewer children. But, most researchers also predict that the world can only sustain a 
population between 600 million and two billion. It appears that the earlier we tackle the problem of 
overpopulation, the better. Thus, issues of population control are still the nemesis of sustainable development. 
Unfortunately, population control is a politically incorrect topic and not a subject that politicians are likely to 
discuss! 
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